INTRODUCTION
Osteoclasts are multinucleated giant cells with bone-resorbing activity and play a key role in bone remodeling in conjunction with osteoblasts (1, 2) . It is well established that receptor activator of NF-κB ligand (RANKL) plays a central role in osteoclastogenesis through its cognate receptor activator of NF-κB (RANK) (3, 4) . We previously found, using an in vitro model of osteoclastogenesis 
EXPERIMENTAL PROCEDURES

Cells and reagents
RAW264 cells were cultured in Eagle's minimum essential medium (EMEM; Nissui, Tokyo, Japan)
supplemented with non-essential amino acids (GIBCO-BRL, NY, USA), 0.1 mM L-glutamine (Nissui) and 10 % fetal bovine serum (FBS).
GST-RANKL was prepared as described previously (5 
Cytotoxicity assay
The cytotoxicity of D-Ser or analog was assessed The absorbance of each well was measured at 450 nm.
Isolation of bone marrow cells and osteoclastogenesis
For examining osteoclastogenesis in vitro, either RAW264 cells or bone marrow macrophages (BMM) were seeded at a density of 5 x 10 4 cells/ml and incubated for 24 h. Purified GST-RANKL or GST, prepared as described (5), was added to the culture medium at a final concentration of 400-500 ng/ml (RANKL) or 200 ng/ml(GST). The medium was replaced every 3 days with Eagle medium containing RANKL or GST. BMM were prepared as described previously (7) 
Preparation of membrane lipid rafts
This was essentially performed as reported (8) .
Flotilin was used as a raft marker protein.
Screening of serine analogues
We tested about 100 types of L-Serine analogs including dipeptides. Substances that either caused cell death or showed osteoclast-inducing activity were eliminated at the first screening.
Candidates were then added at concentrations of 
Induction of high bone turnover in mice
This was carried out essentially as described (10, 11) . Female C57BL/6JJc1 mice, aged 7 weeks, were intraperitoneally injected with 100µg of GST or GST-RANKL three times at intervals of 24 h.
The L-Ser analog (#290) was injected twice a day with the first injection 1 h before the GST-RANKL treatment and the second injection 8 h after the first.
One day after the last injection, all of the mice were sacrificed and subjected to pQCT and micro-CT analyses.
Micro-CT analysis
Right tibiae were dissected out from 6 to 8-wk old female mice of vehicle-, RANKL-or #290-treated mice and stored in 70 % ethanol. Imaging of proximal metaphyses of the tibiae was performed by micro focus X-ray computed tomography (Scan X-mate; Comscan Techno). Three-dimensional micro-CT images were analyzed and quantified using TRI/3D-BON image analysis software (Ratoc System Engineering).
Bone histomorphometry
Histomorphometric parameters on proximal metaphyses of left tibiae were measured at the Ito Bone Histomorphometry Institute (Niigata, Japan) and described according to the nomenclature system (12) .
pQCT
The right tibiae were dissected out from mice to be was used. After the reaction was stopped, lipids were extracted and the radioactively labeled KDS was measured as described (14, 15) .
Ethics
Mice were purchased from CLEA Japan Inc.
(Tokyo, Japan), and bred and maintained in accordance with the guidelines of the NAIST Animal Ethics Committee. However, since D-Ser showed toxicity to preosteoclastic cells (Fig. 1B) , we conducted a systematic search focusing on serine analogs with effective suppressive activity but less toxicity.
RESULTS
L-Ser is indispensable for osteoclasts
To this end, we tested about 100 substances according to the procedure shown in Fig. 2A was included in the regular reaction mixture, the activation of ERK and p38 as well as the expression of c-Fos and NFAT2 were found to be significantly downregulated (Fig. 3A, B) , suggesting that the analog functions by suppressing the RANKL/RANK signaling cascade under conditions similar to those caused by the depletion of L-Ser. Regarding this, the expression of RANK was found to be downregulated in the analog-treated cells (Fig. 3C) , and moreover, its localization in membrane lipid rafts appeared to be significantly reduced (Fig. 3D) .
Overall, it is conceivable that this downregulation causes the suppression of the downstream signaling machinery. (Fig. 4C, D) .
L-Ser
Effects of the analog on bone structure and turnover -Given the potential of the analog as an inhibitor of osteoclastogenesis in vitro, we wanted to examine its effect in vivo, aiming to answer two questions; does the analog actually suppress osteoclastogenesis in vivo, and does it regulate bone turnover? To this end, we first prepared mice whose bone turnover was enhanced by introducing recombinant RANKL via an intraperitoneal injection.
This procedure was previously reported as useful for studying the consequences of high bone turnover for bone quality and strength in animals (10, 11) . The administration of 100 μg of RANKL per day for 3 days in C57BL/6 mice was found to induce loss of bone density in trabecular bone of tibiae as shown in Fig. 6A and B, when assessed using pQCT and micro-CT. The density in cortical bone, on the other hand, was unaffected under such conditions (Fig. 6A ).
We then examined the effect of the analog's dosage on bone turnover in terms of bone density using RANKL-treated as well as control (GST-treated) C57BL6 mice. The LD 50 of the analog in C57BL6
mice was examined and determined as 2,845 mg/kg body weight (data not shown). When 15mM of the analog was administered to the control mice for 3 days, a significant increase in bone density was observed (Fig. 6 C) , suggesting an apparent effect on bone resorption. Bone architecture appeared normal as a whole and yet no osteopetrotic status was observed in #290-treated mice (Fig. 6B ). another 24 h. Cell lysate was prepared as described in "Experimental procedures" and immunoprecipitated using anti-RANK antibody, followed by Western blotting using the same antibody. Anti-β -actin monoclonal antibody was used for monitoring the amount of protein applied. D) Localization of RANK in membrane lipid rafts. Cells were prepared as in C) and membrane lipid rafts were prepared as described in "Experimental procedures". RANK was detected as in C). prepared from several cell lines and mouse tissues. Microsomal fractions were prepared, and SPT activity was measured, as described previously (14) . The SPT reaction was carried out using partially purified SPT as in A) and [ 14 C]-palmitoyl-CoA in the
